Seed enhancement technologies i.e. priming, pelleting and coating have been extensively 9 used throughout the last century to improve crop yield and to reduce losses associated with 10 pest infestation. However, until recently, it has not been possible to non-destructively assess 11 the effect of seed enhancement technologies belowground due to the opacity of soil. Using X-12 ray Computed Tomography (X-ray CT) we undertook a 4D visualisation of the germination 13 process of four different sugar beet seed enhancement treatments (untreated / naked, coated, 14 pelleted and pelleted + coated) in soil. The aim of this study was to improve the understanding 15 of the germination process in the natural environment of the seed to inform future soil 16 management and seed enhancement processes. Using X-ray CT we were able to quantify the 17 germination and establishment process of different seed enhancement technologies in soil 18 non-destructively for the first time. We observed a delay in seedling growth posed by the 19 addition of a physical barrier, i.e. the seed coating. However, an enhanced radicle growth rate 20 was observed in pelleted, as well as pelleted and coated seeds, after overcoming the physical 21 barrier. The disadvantage posed by the addition of seed coating was overcome after four days 22 of seedling growth. Further work should focus on refinements to the type and composition of 23 the pelleting which we observed to have a retarded effect on seed germination. 24 Introduction 25
Introduction 25
With an increasing global population (ca. 9.2 billion in 2050) and demand for food necessitates 26 there is need to increase crop yield and efficiency across a wide range of plants (Lal, 2013 ) 27 however, deterioration of suitable agricultural land for crop production is a significant 28 problem (Monneveux et al., 2013) . Therefore, it is particularly important to identify crops that 29 have a reduced need for nutrients and enhanced ability to overcome stress (Chapuis et al., 30 2012) and to maximise yield. Crop seeds require certain soil properties (especially moisture 31 and temperature) to initiate germination, a crucial stage which influences the success of 32 establishment into full grown plants. The seeding material consists of a seed containing the 33 perisperm and the embryo, as well as the surrounding fruitwall material. Both the seed and 34 the fruitwall are referred to as the fruit. From this point the term 'seed' is not used in a 35 botanically strict sense and includes both the fruitwall and the seed. Water absorption 36 (imbibition) is the first and fundamental step in germination process (William et al., 1995) . 37
During imbibition, the dry seed hydrates and swells which increases seed volume. Additionally, 38 the fruit wall starts to soften which allows the radicle to penetrate the fruit wall and emerge 39 into the soil (Lundgren, 2009 ). To enable the water absorption process from the soil, close 40 seed-soil contact is important (Brown et al., 1996) . Germination occurs when embryo growth 41 overcomes the constraints of the fruit wall surrounding the seed (Bewley et al., 2013; Smykal 42 et al., 2014) . Seed technology aims to sustain and improve the health and yield of crops as 43 well as emergence and germination (Taylor et al, 1998; Ehsanfar and Modarres-Sanvay, 2005) . 44 Originally, seed enhancement technology i.e. seed pelleting was used to ensure successful 45 precision sowing or to synchronise male and female inbred seeds (Vyn and Murua, 2001 ; 46 Gorim, 2014) . In addition to this, different enhancement technologies aim to improve 47 column with a height of 70 mm and 22 mm inner diameter which was previously filled with 122 22.8 g of soil to a height of 55 mm with four replications. After placement of the seed, another 123 6.8 g of soil was poured on top of the first layer to final height of 65 mm resulting in a bulk 124 density of 1.2 g cm -3 . The column was saturated for 5 minutes using 30 ml water and drained 125 for 30 minutes to achieve a gravimetric water content of 20%. The soil columns were 126 incubated in a growth chamber with a day temperature of 20°C and a night temperature of 127 15°C applying 16 hours of daylight (dusk and dawn times were set to 1 hour). Moisture 128 contents were monitored daily and maintained at 20% w/w. The size of the polypropylene 129 columns were chosen to maximise the imaging resolution while not influencing the 130 germination and establishment of the sugar beet seeds, a trade-off well known in CT. The 131 radicle angle was very close to 90° in all samples and therefore the radicle was not touching 132 the column wall and the radicle lengths did not at any point exceed the length of the column. 133
Columns were scanned daily using a Phoenix v|tome|x m 240 kV (GE Measurement & Control 134
Solutions, Wunstorf, Germany). A potential energy of 130 kV with a current of 100 µA and a 135 timing of 250 ms was applied collecting 2878 angular projection images in constant rotation 136 mode (FAST SCAN), where image average and skip values were set to 1 and 0, respectively. 137
Scans were performed at a spatial resolution of 20 µm with an acquisition time of 12 minutes 138 each in a multi scan acquiring two sections. Acquisition images were reconstructed using the 139 phoenix datos|x 2rec reconstruction tool (beam hardening was set to 8, region of interest and 140 scan optimization has been automatically calculated) resulting in 16 bit data. The soil columns 141 were scanned in the same order every day to reduce the impact of temporal influences and 142 create a 24 hour difference between each scan. However, the germination was initiated at the 143 same time for the whole sample set to raise the seedlings in the same day and night rhythm. 144
Therefore there was difference of about 6 hours between the first and the last scan of the day,however this had a negligible effect on the data interpretation as the shift in radicle length 146 between replicate 1 and replicate 4 of each treatment was minimal and was mostly accounted 147 for by natural variation which can be extrapolated to the 6 hour time difference. 148
Data processing was performed using VGStudio Max® 2.2. Seedlings were segmented using 149 the 3D region growing tool and root lengths determined using the polyline tool as described 150
by Tracy et al. (2012) . The average thickness of the coating and pelleting was manually 151 determined by using the distance tool on multiple sections of the seed in different 2D view 152 orientations. The soil to air ratio for the different packing methods was determined by 153 segmenting the seed as a solid object without inner air space and dilating the segmented area 154 by 1 voxel (20 µm). The segmented seed was subtracted from the dilated seed so that a ring 155 of 1 voxel thickness remained. A surface determination based on air space as background and 156 several areas of soil as material was used to determine soil and air space volume which was 157 used to calculate a percentage. 158
An additional destructive screening experiment was conducted to support the work with 159 increased replication (20 per treatment). Half of the corresponding seedlings were excavated 160 after two days of growth, the other half after four days. The excavated roots were washed and 161 the root lengths determined using graph paper. All error calculations have been conducted 162 using the standard error of the mean. 163
Results

164
Method development 165
Preliminary investigations were undertaken to assess the appropriate soil packing method 166 (five in total) to create realistic field conditions (Figure 1 ). Figure 2A shows the capillary 167 method was responsible for the formation of two distinct layers. The bottom layer consisted 168 of a higher percentage of fine particles at the transition zone, whereas the top layer showeda higher amount of coarser particles which resulted in a hydraulic disconnection causing the 170 developing root and stem to push the top soil layer upwards. A ratio of 55.76% (±4.56) soil to 171 44.24% (±4.56) air was calculated within a distance of 1 voxel (20 µm) around the seed. 172
Method B led to a higher seed-soil contact around the seed. Nevertheless, the filled region 173 featured more pore space than the surrounding soil than would be considered ideal ( seed. It appears that the number of small soil particles in immediate contact with the seed is 203 much higher in comparison to larger particles which can be precisely observed using X-ray CT. 204
The grey value intensity differences observed in the pelleting highlight the layers consisting of 205 materials with different X-ray attenuation coefficients where the lightest parts represent 206 mineral based components. On the outermost layer is a fine white line (high X-ray absorption) 207 which is due to the mineral content of the pesticide coating. 208
Quantitative assessment of X-ray CT data 209
Sugar beet radical growth characteristics for each seed treatment were measured daily for 4 210 days ( Figure 5 ). Treatment N was shown to display a rapid growth response followed by 2 days 211 of steady growth ( Figure 6A ) whereas P+FC and P had an initial slower growth that increased 212 over the 4 days resulting in longer radicle length of P compared to N after 4 days of growth. 213
Specifically, the radicle lengths of P+FC were ca. 50% less in comparison to N on day 2 but 214 showed a similar length at day 4. FC displayed a delay in root growth of ca. one day and a 215 between day 3 and 4 but it did not subsequently achieve the same growth as the other 217 treatments. The effect on the growth per day can be seen in Figure 6B . 218
Comparison of daily radicle growth ( Figure 6B ) showed a rapid growth at day 2 for N and P 219 which decreased the following day. The P+FC seeds showed a continuous increase in radicle 220 growth, whereas N and P decreased after the initial rapid growth. For FC almost no radicle 221 growth was visible at day 2 but a rapid increase in growth occurred on the subsequent days. comparison of the X-ray CT data and the screening data was conducted (Figure ) . The radicle 236 lengths measured using the X-ray CT data were higher compared to the screening data in all 237 treatments and both screening days.
Discussion 239
This study successfully highlighted subtle temporal differences in growth between different 240 seed enhancement treatments using X-ray CT and hence verifying X-ray CT as a suitable tool 241 for the quantification of the establishment process of plants i.e. our work was undertaken on 242 sugar beet but is transferable to most seed types. Due to the nature of the in situ environment, 243 the contrast of the collected images suffers in comparison to a scan of a seed outside of soil 244 which is a limiting factor for observing the germination process in the seed, though we believe 245 this is offset by the advantages of observing behaviour in soil. The results show for the first 246 time in soil clear treatment differences in radicle growth characteristics over the first four days 247 after sowing. Although the results generally showed low within treatment variability, an 248 additional screening test of ten replicates was used to further understand the inherent 249 variability of seedling establishment. Results indicated that the radicle length of all seed 250 enhancement types have a high variability. It was noticed, however, that radicle lengths were 251 higher when measured by X-ray CT compared to excavation measurement. It has previously 252 been reported that radicle lengths can be underestimated using X-ray CT which contradicts 253 these findings (Mooney et al., 2012) . However, in this study different plants were used for the 254 X-ray CT and the destructive analysis so we attribute natural variation as the main reason for 255 the difference. As the length differences were significant throughout all treatments, it may be 256 possible that X-ray radiation had a small but beneficial effect in the small doses that are able 257 to penetrate the soil (Shull and Mitchell, 1933) . A further beneficial effect might be due to an 258 inhibitory effect on pests that could be present in the soil or the seed itself with fungi toxic effects as well as plant growth promoting effects rapidly after entering a plant 276 organism (Ypema, 2003) . Since the 1990s, neonicotinoids (e.g. thiamethoxan) have been 277 widely used to reduce the risk of virus yellows and to control foliar and soil pests (Bayer, 2011; 278 KWS, 2017; Syngenta, 2016c) . Though neonicotinoids, in particular, are controversial due to 279 the reported effects on bee populations (Rundlöf, 2015; BBRO, 2016) . The addition of a 280 coating reduces the ability of the seed to open as quickly as a naked seed. The delay for FC 281 could therefore be due to the physical shell that was created during the coating process or the 282 resulting phytotoxicity posed by its proximity to the seed surface. Similar effects have been 283
reported for oil seed rape as imidacloprid and thiamethoxam supressed root system 284 development in the cotyledon stage (Huang et al., 2015) . Vyn and Murua (2001) found 285 uncoated seeds develop earlier than coated seeds, as found in this study. This reduction ingrowth was observed only in FC and not in P+FC which may be due to the composition of the 287 pelleting material or to the swelling of the pellet during water uptake which might help to 288 overcome the physical shell of the coating by weakening the structure of the shell. It is likely 289 that the slower germination could be the influence of the coating material, which is not as 290 high for P+FC because the applied insecticides and fungicides are not directly in contact with 291 the fruit (the fruit includes both the seed and the fruitwall surrounding the seed) and therefore 292 the phytotoxicity impacting the seed is lower. Furthermore, a seed establishment delay was 293 observed in different coated turfgrass species using different irrigation techniques (Serena et 294 al., 2012). Karnataka et al. (2008) , however, described a higher germination rate, a higher 295 vigour index (vigour index = (root length + shoot length) x germination percentage) and an 296 increased field emergence in coated seeds after three months of growth. Therefore, FC 297 seedlings may overcome this delay later during their growth and give higher field emergence 298 compared to naked seeds based on the protection provided against negative effects like fungi 299 or insects. The growth rate comparison showed that P and P+FC radicle growth rates increased 300 after the initial rapid growth whereas the growth rate for N was constant. This may be due to 301 the enhanced water uptake during the first days of growth that would have increased water 302 storage inside the seedling in both P and P+FC, as well as an increased vigour caused by 303 increased water uptake (Gorim and Asch, 2015) . A positive effect for different kind of 304 pelletings was previously shown during early establishment especially near moisture limiting 305 periods supporting this assumption (Scott, 1975) . 306 Figure 7 showed that there are slight differences in volume per millimetre radicle length for P 307 and N in comparison to FC and P+FC but these were not significant. Also, the radicle volume 308 was almost the same at day 4 which suggests seed enhancement technologies like P+FC do 309 influence the radicle width shortly after germination in the same way as they influence radicle 310 length. The four growth stages (seed cracking; rapid radicle growth; formation of apical hook; 311 unfolding of apical hook) were visible in all four treatments although they were slightly 312 delayed for the FC. This observation confirms that physical seed enhancement using pelleting 313 or coating might not have altered the mechanism of emergence but rather the rate. 314
Conclusions 315
Seed enhancement technologies enable the alteration of the growth behaviour of the early 316 seedling. Although it appeared N has the highest growth rate over the first two days, the 317 addition of pelleting allowed a more rapid increase in root growth per day. The addition of a 318 coating is essential to ensure a consistent yield in the field due to the addition of protection 319 by applying insecticide and fungicide (FC). However, applying a coating reduced the seedling 320 emergence rate which is why a pelleting in addition to the coating is used to balance this 321 negative effect (P+FC). The positive effect of the pelleting as hypothesised was verified as was 322 the negative effect of the close proximity of the pesticide containing coating to the seed. This 323 study shows the benefits of X-ray imaging as a tool to compare different seed enhancement 324 technologies in soil supporting efforts of seed breeding companies to optimise their seed 325 enhancement compositions according to the seeds in situ performance. 326
The physical mitigation of a pesticide coating might be overcome by priming the seed prior to 327 pelleting which could be assessed in future studies. During priming, the germination process 328 is initiated and stopped before the seed starts to crack. This effect is hypothesised to 329 
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The capillarity method resulted in the formation of a transition zone which forms a hydraulic disconnection between both 443 layers. B) The digging method results in a loose soil portion above the seed which is poorly connected to the surrounding soil. X-ray CT data Screening data
